While in most rod-shaped bacteria, morphology is based on MreB-like proteins that form an actin-like cytoskeletal scaffold for cell wall biosynthesis, the factors that determine the more flexible rod-like shape in actinobacteria such as Mycobacterium species are unknown. Here we show that a Mycobacterium smegmatis protein homologous to eubacterial DivIVA-like proteins, including M. tuberculosis antigen 84 (Ag84), localized symmetrically to centers of peptidoglycan biosynthesis at the poles and septa. Controlled gene disruption experiments indicated that the gene encoding Ag84, wag31, was essential; when overexpressed, cells became longer and wider, with Ag84 asymmetrically distributed at one pole. Many became grossly enlarged, bowlingpin-shaped cells having up to 80-fold-increased volume. In these cells, Ag84 accumulated predominantly at a bulbous pole that was apparently generated by uncontrolled cell wall expansion. In some cells, Ag84 was associated with exceptional sites of cell wall expansion (buds) that evolved into branches. M. bovis BCG Ag84 was able to form oligomers in vitro, perhaps reflecting its superstructure in vivo. These data suggested a role for Ag84 in cell division and modulating cell shape in pleiomorphic actinobacteria.
Bacteria have been traditionally recognized by their size, the chemical composition of their cell envelopes, and their distinctive shapes. All of these features are thought to be determined by targeted activities of a family of well-conserved enzyme complexes that synthesize the peptidoglycan polymers making up their rigid cell walls (28) . Temporal and spatial control of these enzyme complexes during growth and division are coordinated by proteins of the bacterial cytoskeleton (8) . Together, these mechanisms of regulated expansion of the cell wall determine the characteristic size and shape (spherical, rod shaped, or filamentous) of individual bacterial species (17, 69) . Some bacteria, such as those belonging to the actinomycete taxon, are unusual in that they have evolved mechanisms to transform themselves into different shapes.
Studies of rod-shaped bacteria such as Bacillus subtilis and Escherichia coli have identified at least 15 genes needed for assembly of peptidoglycan in the cell wall (24) and generated a model (34) in which extension of their basic tubular structure is periodically interrupted and coordinated with synthesis of the division septum (34, 59 ). In this model, lateral extension and division are mutually exclusive assembly processes (34) carried out by different peptidoglycan biosynthetic machineries (52) . Lateral extension is dependent on a family of at least three penicillin binding proteins (PBPs); septum formation involves at least nine late-division proteins, including PBP2b in B. subtilis (52) and its homolog PBP3 in E. coli (FtsI) (28) .
To maintain a tubular shape during lateral extension, rodshaped bacteria utilize multiple copies of MreB and MreB-like proteins (Mbl) to construct cytoskeleton-like structures that determine the sites of cell wall synthesis (7, 17, 21, 69) . In B. subtilis, nascent peptidoglycan accumulates in a helical pattern within the lateral wall, as directed by Mbl (17) and perhaps other partners (7, 63) . Systems that control the width and length of the cylinder are dependent on MreB and Mbl, respectively (30) . Coordinated remodeling of this cytoskeletal scaffold allows the bacterium to increase in length while retaining a rod shape (9, 32) . Undefined indicators of growth eventually trigger an alternative cell wall biosynthetic mechanism for septum formation and cell division.
Septum formation is dependent on the recruitment of the late-division proteins into the site of the division septum, a process that is initiated by the assembly of the FtsZ protein into a ring structure, normally at the midcell of rod-shaped bacteria. There are two mechanisms for positioning the FtsZ ring that operate by restricting its formation either at the midcell or near the poles (documented and reviewed in references 6, 24, 35, 50, and 59). Nucleoid occlusion prevents septum formation along the central part of the rod until it is vacated by the segregating chromosomes (4, 41, 66, 68) . Proteins that effectuate nuclear occlusion may be involved in ringassembly site selection or stabilization (for example, SlmA in E. coli [4] and Noc in B. subtilis [68] ). This mechanism does not exclude initiation of division septa in regions more proximal to the poles. The MinCD system prevents cell division at these sites by inhibiting FtsZ ring formation (29, 54, 55) . In E. coli, a complex of MinC and MinD proteins oscillates between the two poles (29, 48) , thereby providing a concentration minimum at the midcell. In B. subtilis, the DivIVA protein retains MinC and MinD at the cell poles, thus targeting the midcell for septum formation (11, 19, 36, 37) . Other mechanisms, not associated with a previous division septum, must exist to reas-semble DivIVA at a new site of growth during spore germination (26) .
Distinctive mechanisms to generate new poles must have evolved in filamentous bacteria such as S. coelicolor, where growth and genome replication typically do not lead to cell division (17, 23) . The paradigm established with respect to unicellular rod-shaped bacteria, where cell wall biosynthesis cycles between polar and lateral sites, does not apply to S. coelicolor (17) , where cell wall growth occurs continuously, primarily at the tip of extending filaments, and may be dependent on DivIVA (22) . Branching, needed for maintaining quasiexponential growth, may also be DivIVA dependent (22, 23) . In S. coelicolor, DivIVA is essential; when overexpressed, it is associated with randomly distributed swollen foci within the lateral cell wall. The foci mature into branches, suggesting that DivIVA may play a direct or indirect role in generating new sites of cell wall biosynthesis in these filamentous organisms (22) . DivIVA may recognize unidentified molecular markers or the physical shape of the cell wall (20) to generate branches (22) . Continued overexpression leads to enlarged ovoid cells and lysis. These effects indicate that overexpression of DivIVA modifies the standard mechanism for shape determination and cannot be readily explained by osmotic distortions of a weakened cell wall (22) . Similarly, overexpression of DivIVA in Corynebacterium species results in diverse changes in cell morphology (47) .
The fact that many genes that control cell shape and growth (by encoding, e.g., MreB, Mbl, MinC, and MinD) are absent in Mycobacterium genomes suggested that DivIVA interacts with other partners to regulate shape in these pleiomorphic organisms. While Mycobacterium species are primarily rod-like in shape, careful microscopic examination has revealed that they can have different shapes and sizes. For example, Mycobacterium tuberculosis cells can become shorter in older cultures (43) , filamentous within macrophages (13) , and ovoid during carbon starvation (44) and can generate microscopic "bleb"-like structures on the surface in stationary-phase cultures (16) that may mature into larger buds and branches (15) . While molecular mechanisms that affect such changes are not well understood, several proteins have been associated with changes in morphology. Overexpression of the pknA serine threonine kinase, resulting in phosphorylation of a specific residue in M. tuberculosis antigen 84 (Ag84), generated shorter and broader cells in liquid cultures (31) . Moderate induction of Ag84 transcription during the stationary phase had a similar effect on morphology which appeared to be dependent on phosphorylation (31) . A genome-wide analysis (using transposon site hybridization) indicated that Ag84 might be essential in M. tuberculosis (51) . In this paper, we show that Ag84, a DivIVA homologous protein, is essential, localizes at the cell poles, affects polar growth, and may, directly or indirectly, influence cell division and morphological alternatives in Mycobacterium smegmatis.
MATERIALS AND METHODS
Bacterial strains and plasmids. The plasmids used are listed in Table 1 . M. smegmatis wild-type mc 2 155 (57) and its derived strains were grown at 37°C in 7H9 liquid medium and 7H10 agar (Difco) supplemented with 0.2% glucose, 0.5% glycerol, and 0.5% Tween 80. Kanamycin and hygromycin were used at final concentrations of 50 g ml Ϫ1 and 100 g ml Ϫ1 , respectively. Mycobacterium bovis BCG was grown in the same media supplemented with OADC (oleic acid-albumin-dextrose-catalase; Difco). E. coli XL1-Blue (Stratagene) was used for subcloning procedures and was grown in LB medium. 
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Construction of wag31 expression strains. Primers VN3 and VN5 were used for PCR amplification of the wag31 MS gene from M. smegmatis genomic DNA using poly(A) Easy enzyme (Stratagene). PCR product was TA cloned into pGEM-T Easy vector, and its sequence was verified. The DNA fragment was then cloned downstream of the constitutive promoter P hsp60 in pMV361 (EcoRI, HindIII-pNDL4) or the acetamide-inducible promoter in pJAM2 (64) (BamHI, XbaI-pNDL5). Primers VN10 and VN11 were used to amplify the wag31 TB gene from M. tuberculosis genomic DNA and cloned into pMV361 (EcoRI, HindIIIpNDL8). Vectors pNDL4, pNDL5, and pNDL8 were used to transform M. smegmatis wild-type mc 2 155 to generate strains NDL4, NDL5, and NDL8, respectively.
Construction of wag31 MS -gfp fusions. wag31 MS was amplified by PCR (primers VN1 and VN2) and was cloned into pEGFP by use of HindIII and KpnI sites. This created a translational fusion, wag31 MS-gfp , in which a linker (PVPVAT) separated the C terminus of M. smegmatis Ag84 (Ag84 MS ) from the N terminus of green fluorescent protein (GFP). The fusion gene was removed from pEGFP by digestion with EcoRI. Plasmid pNDL1 was constructed by cloning the wag31 MS-gfp fusion fragment into the EcoRI site of pMV361 (60) . Its orientation was checked by restriction digestion and sequencing. The NdeI DNA fragment containing the heat shock promoter and the integrase gene in pNDL1 was removed, and the remaining fragment was religated to create pNDL2. A control fusion was created by cloning the gfp gene translationally fused to the heat shock promoter P hsp60 and the ribosome binding site in pMV361.
Disruption of the chromosomal wag31 MS . wag31 MS deletion in M. smegmatis was done essentially as described previously (3) . Primers VN6 and VN7 were used to amplify the 5Ј upstream flanking arm of wag31 MS (5Јdiv). VN8 and VN9 were used to amplify the 3Ј downstream flanking arm of wag31 MS (3Јdiv). These fragments were inserted into pYUB854 on either side of the hygromycin resistance gene to generate pNDL6. This recombinant cosmid was cloned into the unique PacI site of phAE87, replacing the built-in cosmid pYUB328, and were in vitro packaged using GIGAPack III GOLD packaging extracts (Stratagene). Transduced E. coli NM554 was plated on hygromycin-containing LB agar plates. Phasmid DNA (phNTL2111) prepared from a pool of hygromycin-resistant transductants was electroporated into M. smegmatis mc 2 155. Phage plaques that grew at permissive temperature (28°C) were purified, checked for temperature sensitivity, and then used to transduce M. smegmatis cells. Hygromycin-resistant colonies were selected on 7H10-ADC medium at nonpermissive temperature (37°C).
Preparation of M. bovis BCG lysates. For gel filtration and cross-linking experiments M. bovis BCG cultures were harvested at an optical density at 600 nm of 0.7 to 0.9. Cells were washed three times in phosphate-buffered saline (PBS) and disrupted in the presence of glass beads and protease inhibitors (phenylmethylsulfonyl fluoride and complete EDTA-free protease inhibitor cocktail from Roche) by using a mixer mill (type MM 300; Retsch, Germany) at a frequency of 30 cps for 20 min with chilling intervals. Cell debris and nonlysed cells were removed by low-speed centrifugation (10 min at 10,000 rpm).
For cell fractionation, bacteria were washed twice in PBS followed by a final washing step and were resuspended in TEN buffer (75 mM Tris [pH 8.8], 4 mM EDTA, 100 mM NaCl). Cells were lysed in the presence of protease inhibitors by three passages through a French press (Thermo, Waltham, MA). Cell lysate was cleared by centrifugation (10 min at 10,000 rpm).
SDS-PAGE. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (33) was performed using a Bio-Rad Protean II system. Equal amounts of protein (5 to 15 g) were loaded per lane. The samples were heated for 7 min at 95°C, centrifuged briefly, and loaded onto 10% or 12.5% SDS-PAGE gels.
Immunoblotting. Samples were treated with SDS loading buffer and boiled for 7 min, and 10 g lysate was loaded per lane on a 12.5% SDS-PAGE gel. Western blot analysis was performed according to standard protocols (5) using a mouse monoclonal antibody against mycobacterial Ag84 (F126-2; a kind gift from A. Kolk, KIT Biomedical Research, Amsterdam, The Netherlands). The secondary antibody, anti-mouse immunoglobulin G coupled to horseradish peroxidase (Amersham), was visualized by chemiluminescence.
Affinity purification of Ag84. Monoclonal antibody F126-2 (7 mg ml Ϫ1 protein concentration) in buffer containing 0.2 M NaHCO 3 and 0.5 M NaCl (pH 8) was coupled to an N-hydroxysuccinimide-activated column (Pharmacia), following instructions of the manufacturer. The column was washed with buffer A (100 mM glycine; pH 2.5) and equilibrated in buffer B (50 mM Tris-HCl [pH 8], 150 mM NaCl) at 0.15 ml min
Ϫ1 . An M. bovis BCG cell pellet was resuspended in buffer B containing 1 mM phenylmethylsulfonyl fluoride and protease inhibitor cocktail. The cell slurry was disrupted by use of a French press and centrifuged at 18,000 rpm and 4°C for 60 min, filtered through 0.45 m filters, and loaded onto the column at 0.15 ml min Ϫ1 . Unbound proteins were washed at 1 ml min Ϫ1 until the optical density at 280 nm reached the baseline value. Proteins were eluted with buffer A into 0.5 ml fractions and immediately neutralized with 25 l of 2 M Tris-HCl, pH 8. Fractions containing Ag84 were detected on Western blots by use of F126-2 antibody.
Cell fractionation. Total lysate was subjected to a high-speed spin (100,000 ϫ g) to obtain a membrane and soluble fraction. Western blot analysis was performed as described above. Monoclonal antibodies GroEL AI-75320 (MRL; Department of Microbiology, Fort Collins, CO) and lipoprotein F29-47 (kind gift from A. Kolk, KIT Biomedical Research, Amsterdam, The Netherlands) were used as controls.
Chemical cross-linking. Purified Ag84 (0.2 mg ml Ϫ1 ) or M. bovis BCG lysate (1 mg ml Ϫ1 ) was added with the indicated concentrations of formaldehyde and incubated for 15 min at 37°C. Samples were treated with SDS buffer and loaded on a 10% SDS-PAGE gel followed by Western blotting with Ag84 antibody.
Size-exclusion chromatography. M. bovis BCG lysate (in a soluble fraction prepared as described above) (50 g) was applied to a gel filtration column (Superdex 200 PC 3.2/30; Pharmacia) preequilibrated in PBS. The presence of Ag84 in the collected fractions was detected by immunoblotting. Standard marker proteins (Bio-Rad) were bovine thyroglobulin (670 kDa), bovine ␥-globulin (158 kDa), chicken ovalbumin (44 kDa), horse myoglobin (17 kDa), and vitamin B 12 (1.35 kDa).
Microscopy. Nascent peptidoglycan synthesis labeling was done as described previously (17) . Briefly, 2 g ml Ϫ1 BODIPY FL-conjugated vancomycin (Invitrogen) was added to growing cultures. The cultures were then incubated for 2 to 3 h to allow binding of the labeled antibiotic within the cell wall. Cells were viewed directly or after fixation with 2% formaldehyde for 30 min at room temperature. Fixed cells were mounted on poly-L-lysine-coated slides (PolyScience) and washed three times with PBS. Membranes were visualized by incubating slides for 5 min in 1.5 g ml Ϫ1 FM4-64. Samples were mounted using FluoroGuard antifade mounting medium (BioRad). Specimen observation and image acquisition were performed using a confocal laser-scanning module LSM510 Meta (Zeiss) connected to an Axiovert 200 M microscope (Zeiss). The pinhole was adjusted to obtain confocal layer heights between 0.6 and 0.9 m.
For time-lapse movies, growing cultures were placed on a pad of 1.5% agarose made in 7H9 medium. Three-hour sequences (10 min intervals) were recorded by video microscopy using a digital camera (Hamamatsu Photonics, Japan) connected to a Zeiss Axiophot microscope equipped with a temperature (37°C)-controlled and CO 2 (5%)-equilibrated chamber and Openlab software (version 2.0).
To measure size, bacterial cells from colonies grown on 7H10 agar supplemented with OADC and 25 g ml Ϫ1 kanamycin were resuspended in 7H9 liquid medium and diluted to a density of 10 to 20 cells per microscopic focal plane. At various times after transformation, around 100 bacterial cells were measured (length, the maximum distance between the two cell poles; width, largest diameter of examined cell).
To analyze the localization of Ag84, M. smegmatis overexpressing wag31 MS-gfp was grown on 7H10 agar supplemented with OADC and 25 g ml Ϫ1 kanamycin. Cells were resuspended in 7H9 medium, and around 100 cells were analyzed each day during cultivation. Ag84 localization was considered asymmetric when the cell poles contained different amounts of Ag84 and was regarded as symmetric when Ag84 was equally distributed at both poles.
Low-temperature scanning electron microscopy was carried out as described previously (42) . Thin-section samples for transmission electron microscopy (TEM) studies were prepared as described previously (45), and pictures were taken using a Philips 401 electron microscope. Immunocytochemistry analysis was performed using F126-2 antibody and a Philips CM10 electron microscope (65) .
RESULTS
wag31 encodes the mycobacterial DivIVA homolog known as antigen 84. To search for genes potentially involved in mycobacterial growth or cell division, updated databases were screened for orthologs of MreB or DivIVA. While MreB-like proteins are thought to determine lateral growth in more than 400 different bacteria classified into many bacterial subdivisions (classified as "Cell shape determining protein" MreB/ Mbl in the InterPro database [http://www.ebi.ac.uk/interpro /IEntry?acϭIPR004753]), they are rarely found in actinobacteria (Fig. 1A) (38) . On the other hand, DivIVA-like proteins were found in both phylogenetically distinct branches of gram-positive bacteria, firmicutes (low GϩC content), and actinobacteria (high GϩC content).
All Mycobacterium species whose genomes have been sequenced encode DivIVA orthologs (Fig. 1A) . The M. tuberculosis ortholog has been identified as Ag84 (20, 27) , which is encoded by the wag31 (Rv2145c) gene (14) . As shown for DivIVA in B. subtilis, Ag84 also displayed weak homology to In firmicutes, the presence of MreB correlates with a rod shape, while in most rod-like, sometimes pleiomorphic, actinobacteria, MreB is not present. Protein sequences were obtained from the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi) and the TIGR genome databases (www.tigr.org/). Alignment of protein sequences was carried out using the ClustalW algorithm (62) . The tree was generated using the UPGMA algorithm in the MacVector 8.0 package (Accelrys Inc., San Diego, CA). A distance bar is shown under the tree. (B) The M. smegmatis gene encoding Ag84 MS (wag31 MS ) is essential. The chromosomal wag31 MS could only be disrupted by phage-mediated allelic exchange when wild-type M. smegmatis was supplemented in trans with a vector expressing wag31 MS from the acetamidase promoter. The disruption was confirmed by recovering the mutant locus by PCR using primers flanking the putative open reading frame. The mutant gene containing the inserted hygromycin resistance cassette generated a larger fragment (left panel). Ag84 MS expression of the chromosomal wag31 MS -deleted mutant was detected by Western blotting using antibody F126-2 against Ag84. Expression of Ag84 MS from the acetamidase promoter without addition of the inducer acetamide was higher than wild-type expression levels (right panel). The sizes of molecular weight markers used for Western blots are indicated.
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proteins that play essential roles in morphogenesis of eukaryotic cells, e.g., tropomyosin CDC8 from fission yeast Schizosaccharomyces pombe (1, 25) .
To study the function of Ag84, we attempted to delete the chromosomal M. smegmatis wag31 gene by specialized transduction of wild-type M. smegmatis with a recombinant phage carrying a mutated locus (phNTL2111; Table 1 ). In this phage carrying the wag31 locus, the structural gene was replaced by the hygromycin resistance gene. Transduction experiments using this ⌬wag31 phage resulted in the absence of hygromycinresistant colonies, strongly suggesting that the gene was essential. This was supported by the fact that wag31 disruption was made possible when wild-type M. smegmatis wag31 was provided in trans with a vector carrying the gene expressed from an acetamide-inducible promoter, P ace (pNDL5; Table 1 ) (Fig.  1B, left panel) . Western blot analysis revealed that background expression from the P ace promoter in the absence of the inducer acetamide was modestly (about twofold) higher than expression of wag31 from its native promoter (Fig. 1B, right  panel) , thus effectively preventing protein depletion experiments.
The Mycobacterium smegmatis Ag84 homolog is found primarily at the polar sites of cell wall biosynthesis. To visually track Ag84 in M. smegmatis, a chimeric reporter protein was made by fusing the GFP to the C terminus of Ag84 MS . The gene encoding this hybrid protein (wag31 MS -gfp) was cloned into a suicide vector (pNDL2) which integrated into M. smegmatis chromosome and expressed Ag84 MS -GFP from the native wag31 promoter. Fluorescence microscopic analyses revealed that the Ag84 MS -GFP fusion protein was localized at the cell poles ( Fig. 2A, upper panels) . Control experiments showed that localization was dependent on the presence of Ag84 MS , as native GFP protein (fused to seven amino acids of the heat shock protein in pMV361) was dispersed throughout the cells (not shown). Independent electron microscopic analysis using a monoclonal antibody raised against mycobacterial Ag84 (F126-2) (27) confirmed its polar localization ( Fig. 2A,  lower panels) . To follow the dynamics of Ag84 MS -GFP localization, two asynchronous cells representing the entire division cycle were observed under the fluorescence microscope for 180 min. Time-lapse recording revealed that during cell wall extension, Ag84 MS was localized to the pole (represented by cell 1 in Fig. 2B ). In a cell representing later stages (cell 2) it also accumulated at the midcell and was associated by morphogenesis into a "V"-shaped predivisional cell (Fig. 2B) followed by cell division.
A fluorescent derivative of the peptidoglycan biosynthesis inhibitor vancomycin was used to determine whether cell wall assembly was associated with DivIVA accumulation (17) . M. smegmatis wild-type cultures were grown for approximately one generation (2 to 3 h) in the presence of labeled vancomycin before visualization by fluorescence microscopy. Fluorescent vancomycin accumulated mainly at the poles, which suggested that cells grow by polar cell wall extension (Fig. 2C) . While Ag84 MS was found at the midcell of some elongating rods ( Fig. 2A) , vancomycin was not (Fig. 2C) . Inspection of vancomycin-labeled "V"-shaped cells revealed cell wall biosynthesis at the "V" junction, corresponding to the new poles of the nascent daughter cells. Vancomycin labeling at midcell (12) and at the junction of "V"-shaped dividing cells (61) has been also observed by other groups. Overexpression of Ag84 led to the formation of giant cells having branches and distorted shapes. Expression of Ag84 MS from the strong promoter P hsp60 led to major changes in M. smegmatis size and morphology ( Fig. 3 and 4) . Cells overexpressing Ag84 MS (pNDL4) (Fig. 3A and 5A ), M. tuberculosis Ag84 TB (pNDL8) (Fig. 5A) , or the Ag84 MS -GFP fusion protein (pNDL1) (Fig. 3B, 3C , 4A, and 5A) were grossly enlarged and had a diverse array of shapes. Attempts to label these cultures with various concentrations of fluorescent vancomycin were unsuccessful; they were apparently more sensitive to this antibiotic. Cells growing on selective agar plates for 2 days following transformation had enlarged, bowling-pin-shaped morphologies and often formed branches (Fig. 3A, 3B, and 4) . Visual inspection of cultures on day 3 showed that the grossly enlarged cells were replaced by a population of cells having different sizes and shapes (Fig. 3C) . Cell size and shape in the population gradually became similar to that of the wild type by day 5 (Fig. 3D) . To track these changes, width and length (Fig.  5A) were measured throughout growth in cells overexpressing various Ag84 alleles (Ag84 MS , Ag84 MS -GFP, or Ag84 TB ). These studies showed that all overexpressed Ag84 alleles initially induced enormous increases in cell length and width which expanded cell volume up to 80-fold. The average size of the cells gradually decreased over the next 6 days, and eventually they were identical to the wild type in width (Fig. 5A , left panel) and length (Fig. 5A, right panel) . Thus, a diverse array of morphological changes was observed in cells in response to the introduction of vectors overexpressing various Ag84 proteins. Attempts to obtain stable variant cultures were unsuccessful, as purified colonies were often composed of a spectrum of different cell morphologies.
Western blot analyses were carried out to determine whether the dramatic morphological changes might be exnative genomic promoter. Transformants grown on selective plates for 4 days were prepared for microscopic analyses. (A) Localization of Ag84. M. smegmatis cells expressing Ag84 MS -GFP (pNDL2) were photographed under a fluorescence microscope (upper panels). In the majority of cells, fluorescence was observed at the cell poles. In elongated cells, Ag84 MS -GFP was also detected at the midcell. Bar, 1 m. Polar localization was also observed by TEM using a monoclonal antibody against Ag84 (lower panels) to visualize Ag84 in cross-sections of cells. 5 ) in roughly 90% of the transformants, the amount of Ag84 MS -GFP decreased by about 50%. These unusual morphologies during early growth of overexpressing strains were associated with localized accumulations of Ag84 MS -GFP. In the giant, bowling pin-shaped cells, Ag84 MS -GFP was distributed asymmetrically at the enlarged pole, suggesting that Ag84 MS influenced polar cell wall extension and affected both length and diameter (Fig. 4A) . Regions adjacent to these Ag84 MS -GFP accumulations did not contain septa that could be detected using the membrane stain FM4-64. Interestingly, septa were formed at the narrow poles that contained less Ag84 MS (Fig. 4A and B) . As the average cell of the population became progressively smaller and symmetric with time of incubation, the intensity of Ag84-GFP per cell decreased and became more equally distributed between the poles. While only about 2% of the cells had a symmetric dis- tribution of Ag84-GFP after 2 days of growth, by 5 days, Ͼ95% of the cells had symmetric distributions indistinguishable from those of the wild type ( Fig. 3D and 5B).
Other morphological shape distortions were observed in the giant cells after 2 to 3 days of growth; examples are displayed in Fig. 3B . In addition to its predominant polar localization, Ag84 MS -GFP was also observed adjacent to unusual circular structures along the surface of the cylindrical part of the cell wall; these structures are likely to have represented the earliest visible stage of bud initiation (Fig. 3B, top panels) . Extensions resembling emerging buds also contained localized patches of Ag84 MS -GFP (Fig. 3B, middle panels) . More extended branches contained Ag84 MS -GFP at the growing tip (Fig. 3B, bottom panels) .
Oligomerization of Ag84. Cell fractionation and Western blot analyses using monoclonal antibodies revealed that Ag84 MS was present in the M. smegmatis cytoplasm but not present in the membrane fraction (Fig. 6A) . This suggested that its polar localization was not determined by strong hydrophobic interactions with the membrane. Instead, polar localization may be a consequence of the three-dimensional shape of DivIVA multimers that fit into the curvature of the pole (20) .
Bioinformatic analyses (MultiCoil program; 67) comparing B. subtilis DivIVA to mycobacterial Ag84 protein sequences predicted two coiled-coil domains that might catalyze polymerization (Fig. 6B) . In the 164-amino-acid B. subtilis DivIVA sequence, the two predicted coiled-coil domains extended over most of the protein, excluding the intercoil region and both termini. Both coiled-coil domains were predicted to be dimeric. In contrast, the mycobacterial Ag84 proteins were much longer (260 amino acids in M. tuberculosis and 272 amino acids in M. smegmatis), having additional amino acids within both the intercoil region and the second coiled-coil domain. This intercoil region included a phosphorylation site (T73) that is necessary for Ag84 activity (31) . Finally, Ag84 proteins were different from the B. subtilis ortholog in that their C-terminal coiled-coil structure was predicted to be trimeric rather than dimeric.
To test whether Ag84 was oligomerized in vivo, cell extract of wild-type M. bovis BCG was treated with different concen- (Fig. 6C, top left panel) . The sizes of these shifted bands corresponded roughly to those of homodimers, homotetramers, and homohexamers of Ag84; higher-order oligomers might also be present but were not resolved by SDS-PAGE. To confirm oligomerization, Ag84 was purified from M. bovis BCG extracts by affinity chromatography using F126-2 antibody, treated with formaldehyde, and analyzed as described above for M. bovis BCG extracts. Cross-linking of this purified Ag84 displayed a similar polymerization pattern, suggesting that homo-oligomerization is a characteristic of the protein in vivo (Fig. 6C, top right panel) . In control experiments, detection of a lipoprotein in the crosslinked cell extract did not show a comparable oligomerization pattern (Fig. 6C, bottom panel) .
To determine the molecular weight of Ag84 oligomers in the cytoplasm, cell lysate of M. bovis BCG was separated on a gel filtration column (Fig. 6D) and Ag84 was detected in the fractions using Western blotting (Fig. 6E) . Ag84 was found in a single fraction, and, based on the comparison with protein standards, its molecular weight was estimated to be around 670 ( Fig. 6D and 6E ).
DISCUSSION
While common principles have emerged in our understanding of how cell shape is determined in various bacterial genera, which proteins are used and how they work together may be a function of the characteristic shape and phylogeny of the individual bacterium. Here we show that M. smegmatis, which lacks many proteins essential for growth and division in other bacteria, requires Ag84, a protein that is absent in many bacterial genera. Overexpression experiments indicated that DivIVA is involved in morphogenesis functions, including growth and cell division. These processes may require specialized mechanisms in mycobacteria, allowing them to remodel their multilayered cell envelope. Unlike B. subtilis and most other gram-positive bacteria, many actinomycetes have cell walls that contain not one but at least three distinct layers (peptidoglycan, arabinogalactan, and mycolic acid [18, 39] ) whose sizes and shapes must be closely matched to avoid cell distortion (15) . While cell wall biosynthesis may occur at multiple sites within the cylindrical body of many bacteria, localized biosynthetic centers might facilitate coordinated assembly Fig. 2A and 2B [cell 1] ), when overexpressed, large amounts of Ag84 MS accumulated at one pole, resulting in progressive localized phenotypic effects ( Fig. 3 and 4) . These effects were observed early after transformation; cell wall material and ghosts eventually appeared in the medium, and extensive lysis was apparently taking place. To rationalize the observed effects of overexpression on a subpopulation of cells, we propose the model shown in Fig. 7 . In response to overexpression, and perhaps according to dependence on specific growth or nutritional conditions, cell wall biosynthesis increases at the Ag84 MS -containing pole ( Fig. 7B and C) whereas the formation (or maintenance) of stable new septa was not observed (Fig. 7C) . By analogy to those of other rod-shaped bacteria, these two peptidoglycan biosynthetic processes may involve mutually exclusive enzymatic activities that determine length or width (34) and Ag84 MS may exert this effect on morphology by inhibiting systems for septum formation or promoting polar sites involved with lateral cell wall extension. However, the coordinated effects of overexpression on both length and width near the pole suggest a more interactive system in these pleiomorphic actinobacteria. Overexpression may reflect simultaneous activation of multiple cell wall biosynthetic systems at this polar site. It is also possible that the switch to septum formation cannot take place after the diameter of the cell exceeds a certain limit, thus leading to an irreversible expansion of the pole. Discrete localized foci of Ag84 were also present at buds and emerging branches. Small, minicell-like structures were observed. Electron microscopic observations (15) have suggested that M. tuberculosis can indeed produce minicell-like structures as shown in the model (see D3 in Fig. 7) . Overexpression eventually generated a heterogeneous population of enlarged polymorphic cells (Fig.  7D) . It is likely that such cells undergo lysis, as has been described for S. coelicolor (22) .
By day 5 after transformation, cells in the culture become more like the wild type in size and shape, with Ag84-GFP symmetrically distributed at the poles. Western blot analyses (Fig. 5C) showed that the reduction of average cell size was not accompanied by a proportional reduction in the levels of Ag84-GFP protein that induced the changes. This, along with retention of the GFP fluorescence in surviving cells, showed that progressive loss of Ag84 activity did not account for reversion of the phenotype in the culture. We consider it unlikely that a population of independent suppressor mutations overtook a growth-arrested population of primary transformants because of the frequency at which it occurred. We routinely generate fewer than 10,000 primary transformants, and rates of spontaneous mutagenesis allowing growth would not be able to generate the semiconfluent growth over the surface of the plate that was observed. Furthermore, enlarged cells having aberrant morphologies were retained in colonies purified from these cultures. While we cannot formally rule out the possibility that restoration of the wild-type morphology might represent unlinked genomic suppressor mutations, we believe that progressive physiological changes took place in the culture to adjust to Ag84 overexpression and that these changes were accompanied, or perhaps caused by, a decrease in the levels of P hsp60 -driven expression of Ag84-GFP.
Based on these observations and what is known about DivIVA in B. subtilis, we can rationalize how rod-like Mycobacterium species use Ag84 to achieve and maintain their elongated shape during normal growth and cell division. Elongation of cells is associated with peptidoglycan biosynthesis, and Ag84 is distributed equally at the cell poles (Fig. 2B, cell 1) . This might inhibit septum formation near the poles during elongation. Ag84 appeared at the midcell in elongated straight cells (Fig. 2B, cell 2 ) before vancomycin staining became evident. This may indicate that the peptidoglycan biosynthetic machinery that closes the septum arrives at midcell after Ag84; however, this is apparently not the case in B. subtilis (36, 37) . It is also possible that the nature of the peptidoglycan peptide side chains at the septum site means that they may not bind vancomycin as well or that the midcell section of the envelope is intrinsically less permeable to vancomycin. Detailed kinetic and genetic analyses such as those carried out with B. subtilis (26, 36, 37) will be needed to determine the order of assembly of Ag84 and peptidoglycan biosynthetic enzymes at the midcell. Subsequent asymmetric growth of the septum might initially bend the predivisional cell (Fig. 2B, cell 2) , culminating in closure of the septum to generate the daughter cells. Our observations are consistent with reports of polar vancomycin labeling in Corynebacterium glutamicum (17) and Streptomyces coelicolor (22, 23) , supporting the model for rod-shaped bacterial morphogenesis originally proposed by Daniel and Errington (17) .
As with DivIVA in B. subtilis, Ag84 was present at the poles in virtually all cells, perhaps localized by a characteristic superstructure (20, 58) . In vitro cross-linking experiments provided evidence that Ag84 formed homo-oligomers in the cytoplasm of mycobacteria. Similar oligomerized forms of B. subtilis DivIVA (40, 58) serve as building blocks for the formation of two-dimensional lattices. These structures may help DivIVA/Ag84 recognize general features of the cell poles (20, 26, 58) . This idea is supported by the observation that the B. subtilis DivIVA protein can recognize poles of E. coli and Schizosaccharomyces pombe cells that do not have DivIVA genes (20) . However, it does not explain its ability to induce branching from tubular surfaces of the M. smegmatis cell wall.
The possibility that mycobacterial Ag84 has some unique biophysical properties (20) or polymerization properties (58) as reported for B. subtilis DivIVA was supported by sequence analysis. Coiled-coil structures, a common protein fold motif, are composed of two or more alpha helices wound around one another. The coiled-coil fold serves as "molecular Velcro" to stabilize protein tertiary-structures or higher-order assemblies of proteins, often at membrane interfaces (49) . Our biochemical data demonstrating homo-oligomerization of Ag84 (Fig. 6 ) are consistent with those observed for B. subtilis DivIVA; however, its quaternary structure and interactive heterologous partners are not likely to be the same. The sequence divergence between Ag84 and DivIVA in the intercoil region may serve as a target for alternative interactive partners that may have lesser affinity or may not be present at stoichiometry concentrations. For example, the enzyme PknA phosphorylates a threonine residue (T73) (31) in this region. Sequence analyses indicate that Ag84 may form not only dimeric but also trimeric folds (Fig. 6B ). This trimeric fold may provide for an alternative form of the tertiary structure of the protein or its higher-order superstructure. The suggestion that DivIVA may have species-specific shapes or partners is supported by studies of the Enterococcus faecalis DivIVA showing that it is not functional in B. subtilis or Streptococcus pneumoniae (46) .
While we observed morphologies for M. smegmatis that do not occur under laboratory culture conditions, some have been observed for related Mycobacterium and Streptomyces species. M. tuberculosis cells are rather polymorphic (15) , and their morphology changes during persistence in lungs as well as starvation in vitro (53, 56) . Interestingly, when grown in macrophages, M. tuberculosis becomes filamentous and contains spiral-like FtsZ structures throughout the length of the cell (13) . In addition, many Mycobacterium species are reported to become shorter, spherical, ovoid, filamentous, or branching, depending on the physiological state (44, 53, 56, 61) . Polymorphism has also been described in other rod-like actinobacteria such as Rhodococcus, Arthrobacter, Corynebacterium, and Nocardia species. Morphological changes due to overexpression of a DivIVA homolog have been reported for the polymorphic Brevibacterium species (47) . Finally, cell branching, similar to that induced by Ag84 MS overexpression in M. smegmatis, is a characteristic of Streptomyces species. Thus, it is interesting to speculate that the diverse morphologies of actinomycetes might be a function of their different systems to regulate the activity or localization of DivIVA homologs. If so, actinobacteria may regulate concentration or spatial localization of DivIVA homologs to adjust their shapes or sizes, effectively altering their volume-to-surface area. Such changes might accommodate changes in uptake and metabolic flux in response to altered environments (13) .
